The effects of cyanide, azide, and 2-n-Heptyl-4-hydroxy-quinoline-N-oxide (HQNO) on the oxidation of ferrous ion or elemental sulfur with Acidithiobacillus ferrooxidans NASF-1 cells grown in iron-or sulfurmedium were examined. The iron oxidation of both iron-and sulfur-grown cells was strongly inhibited by cyanide and azide, but not by HQNO. Sulfur oxidation was relatively resistant to cyanide and azide, and inhibited by HQNO. Higher sulfide oxidation, ubiquinol dehydrogenase activity, and sulfide:quinone oxidoreductase (SQR) activity were observed in sulfur-grown cells more than in iron-grown cells. Sulfide oxidation in the presence of ubiquinone with the membrane fraction was inhibited by HQNO, but not by cyanide, azide, antimycin A, and myxothiazol. The transcription of three genes, encoding an aa 3 -type cytochrome c oxidase (coxB), a bd-type ubiquinol oxidase (cydA), and an sqr, were measured by real-time reverse transcription polymerase chain reaction. The transcriptional levels of coxB and cydA genes were similar in sulfur-and irongrown cells, but that of sqr was 3-fold higher in sulfurgrown cells than in iron-grown cells. A model is proposed for the oxidation of reduced inorganic sulfur compounds in A. ferrooxidans NASF-1 cells.
The iron-oxidizing bacterium Acidithiobacillus ferrooxidans is an acidophilic and obligately chemolithotrophic bacterium. This bacterium has been widely used as a model organism to study bacterial leaching from metal ores. [1] [2] [3] [4] [5] This is due to the ability of this bacterium to derive energy for growth and cell maintenance from the oxidation of ferrous ion and/or reduced sulfur compounds under acidic conditions using oxygen as the oxidant. The electron transfer chain from ferrous ion to oxygen has been thought to involve a Fe 2þ :cytochrome c oxidoreductase, a rusticyanin, at least one type of cytochrome c, and a cytochrome c oxidase, which is the terminal oxidase of iron-oxidizing system in A. ferrooxidans.
6)
The oxidation of reduced inorganic sulfur compounds by acidophilic sulfur-oxidizing bacteria has been reviewed by Pronk et al. 7) Oxidations of reduced sulfur compounds by other sulfur-oxidizing bacteria have recently been reviewed. [8] [9] [10] [11] [12] The mechanism of sulfur oxidation in A. ferrooxidans was considered to be similar to that of A. thiooxidans. [13] [14] [15] [16] The oxidation of elemental sulfur by a cell-free preparation of A. ferrooxidans has been first described by Silver and Lundgren. 13) This system, requiring reduced glutathione for the activity, oxidized elemental sulfur to sulfite. The partially purified enzyme had an optimum pH of 7.8 and contained a non-heme iron and an acid-labile sulfur. A thiosulfate-oxidizing enzyme catalyzing the oxidation of thiosulfate to tetrathionate has been purified from cell-free extracts of A. ferrosoxidans by Silver and Lundgren. 14) Although the data available on the thiosulfate-oxidizing enzyme suggests a periplasmic localization and coupling to the electron transport chain at the level of cytochrome c, conclusive evidence is still lacking. An AMP-independent, sulfite-oxidizing enzyme has been partially purified from cell-free extracts of A. ferrooxidans. The oxidation of sulfite to sulfate by this enzyme, having a broad pH value (pH 5.4-9.0) for the activity, could couple to reduction of ferricyanide or horse-heart cytochrome c. 15) An alternative mechanism for sulfur and sulfite oxidations in A. ferrooxidans strain AP19-3 has been proposed by Sugio et al. [17] [18] [19] [20] [21] [22] In this mechanism, elemental sulfur was oxidized to sulfate by coupling with the reduction of ferric ion using two enzymes, hydrogen sulfide:ferric ion oxidoreductase (SFORase) and sulfite:ferric ion oxidoreductase. The ferrous ions produced by these enzyme reactions were re-oxidized by the iron-oxidizing system using cytochrome c oxidase as the terminal oxidase. Recently, y To whom correspondence should be addressed. Tel: +81-86-251-8305; Fax: +81-86-251-8388; E-mail: kamimura@cc.okayama-u.ac.jp Abbreviations: HQNO, 2-n-heptyl-4-hydroxy-quinoline-N-oxide; SQR, sulfide:quinone oxidoreductase; DIG, digoxigenin; Q 2 , ubiquinone-2; Q 2 H 2 , ubiquinol-2; SFORase, sulfide:ferric ion oxidoreductase; DNP, 2,4-dinitrophenol; CCCP, carbonylcyanide m-chlorophenylhydrazone
Harahuc and Suzuki proposed a free radical mechanism of sulfite oxidation in A. ferrooxidans. 23) They suggested the involvement of a cytochrome c oxidase in the sulfite oxidation, because the oxidation by resting cells was inhibited by cyanide and azide but not by HQNO. The free radical mechanism was thought to play a primary function at the physiological pH in the culture of A. ferrooxidans instead of ferric ion coupling system proposed by Sugio et al. Pronk et al. have proposed a cyclic pathway for the oxidation of sulfur oxy-anions, 7) although the mechanism for the coupling to the electron transport chain was lacking, other than thiosulfate. In these three mechanisms, an aa 3 -type cytochrome c oxidase, which is used in the iron oxidation system, plays an important role in the oxidation of reduced sulfur compounds.
An alternative theory for sulfur oxidation in A. ferrooxidans, in which iron and sulfur are oxidized through two separate pathways, has been proposed on the basis of the results obtained by using respiratory inhibitors. [24] [25] [26] Corbett and Ingledew have observed that the aerobic and anaerobic oxidation of elemental sulfur with ferric ion as an electron acceptor can significantly be inhibited by HQNO.
24) This observation strongly suggests that a bc 1 segment of respiratory chain is involved in the electron transport pathway from sulfur to ferric ion. Pronk et al. also observed that azide at low concentrations was a specific inhibitor for the ironoxidation system but not for the sulfur-oxidation system. They also suggested that the iron-and sulfur-dependent oxygen uptake occurred via two separate oxidases and a bc 1 complex was involved in the sulfur-oxidation system. 25) Harahuc et al. also proposed the concept of two terminal oxidases being differentially inhibited by azide or cyanide: the sulfur-oxidation system required higher concentrations of azide or cyanide to be inhibited than the iron-oxidation system in A. ferrooxidans.
26)
These results suggested that the sulfur-oxidation system in A. ferrooxidans involved HQNO sensitive segments and a different terminal oxidase other than a cytochrome c oxidase used for the iron-oxidation system. Although some enzymes that catalyze the oxidation of reduced sulfur compounds have been detected in A. ferrooxidans cells, the detailed oxidation mechanism of reduced sulfur compounds is still unclear.
Aerobic and facultative anaerobic bacteria can respond to changes in the environment by using different types of respiratory pathways. [27] [28] [29] During aerobic growth, the final step in the pathway is catalyzed by a group of membrane-bound enzymes called terminal oxidase. Many bacteria have been known to use more than one terminal oxidase. For example, a Gramnegative bacterium Escherichia coli possesses two types of terminal oxidases, cytochrome bo-and bd-type ubiquinol oxidase. The former is used under aerobic growth conditions whereas the latter is induced under microaerobic conditions. 30) It is widely accepted that a cytochrome c oxidase plays a pivotal role in the electron transfer pathway from ferrous ion to O 2 in A. ferrooxidans. The involvement of a cytochrome c oxidase in the oxidation of reduced sulfur compounds is suggested by the observations that the gene encoding a cytochrome c oxidase was transcribed not only in iron-grown cells but also in sulfur-grown cells, 6) that one cytochrome c was specifically induced in A. ferrooxidans cells grown in sulfur medium, 31) and that two different bc 1 complexes were involved in the genome of A. ferrooxidans ATCC 23270. 32) These observations suggest the involvement of a cytochrome c oxidase in the pathway of sulfur oxidation in A. ferrooxidans cells.
Although a cytochrome c oxidase has been considered to be the only terminal oxidase detected in A. ferrooxidans, ubiquinol oxidase, which is a different type of terminal oxidase, was partially purified from A. ferrooxidans NASF-1 cells grown in an iron medium.
33) The enzyme was strongly inhibited by HQNO, but not by azide and cyanide. The involvement of a bdtype ubiquinol oxidase in thiosulfate oxidation in A. ferrooxidans ATCC 19859 has recently been proposed. 34) Similar studies on the clarification of the physiological role of ubiquinol oxidase have been carried out in our laboratory. In this report, we carried out a real-time RT-PCR to obtain the genetic insight for an involvement of ubiquinol oxidase in sulfur oxidation by A. ferrooxidans NASF-1 cells. On the basis of the results, we propose a tentative model for elemental sulfur oxidation in A. ferrooxidans NASF-1 cells.
Materials and Methods
Chemicals. Ubiquinone-2 (Q 2 ) was kindly supplied by Eizai Co. of Tokyo, Japan. The reduced form (Q 2 H 2 ) was prepared as described by Rieske. 35) The other reagents used were of the highest commercial grade available.
Microorganism, medium, and condition of cultivation. A. ferrooxidans NASF-1 was used in this study. 36) The iron medium (pH 3.0) used for the cultivation of cells
(0.01%), and Ca(NO 3 ) 2 (0.001%). The sulfur medium was the same as the iron medium except that elemental sulfur (1%) was used instead of ferrous sulfate. Cells were grown aerobically by vigorous aeration at 30 C. Sulfur-grown cells were prepared as follows: cells grown in iron medium were inoculated in sulfur medium (S1-grown cell). After cultivating in an aerobic condition, the culture in log-phase growth was inoculated again in fresh sulfur medium. The culture was then inoculated into the sulfur medium to prepare sulfurgrown cells (S3-grown cell).
Preparation of intact cells and membrane fractions.
Cells grown in late log-phase in iron or sulfur medium were harvested by centrifugation, washed three times with 0.1 M -alanine-SO 4 buffer (pH 3.0), and resuspended in the buffer for intact cell experiments. For the preparation of membrane, intact cells were resuspended in 0.1 M sodium phosphate buffer (pH 7.5), and broken by passing through a French press cell at 1,500 kg/cm 2 . The homogenate was centrifuged at 12;000 Â g for 10 min to obtain cell-free extract. The cell-free extract was further centrifuged at 105;000 Â g for 60 min. The precipitate was washed with 0.1 M sodium phosphate buffer (pH 7.5) and used as membrane fraction.
Measurement of iron-dependent oxygen consumption rate. The iron-dependent oxygen consumption rate was determined by measuring oxygen uptake caused by the oxidation of ferrous ion. The oxygen uptake was measured polarographically at 30 C with a Biological Oxygen Monitor (Yellow Spring Instrument, OH, U.S.A). The reaction mixture was composed of 0. Measurement of oxygen consumption rate with reduced inorganic sulfur compounds. The oxygen consumption rates with reduced sulfur compounds (elemental sulfur, sulfite, sulfide, and thiosulfate) were measured by the amount of oxygen uptake due to the oxidation of reduced sulfur compounds with a Biological Oxygen Monitor. The composition of reaction mixture to measure the rates was as follows: intact cells (0.5-1 mg), 0.1 M -alanine-SO 4 buffer (pH 3.0), and 32 mg of elemental sulfur in 0.05% Tween 20, 0.33 mM NaHSO 3 , 0.33 mM Na 2 S, or 6 mM Na 2 S 2 O 3 in a total volume of 3 ml. The reaction was started by adding each sulfur compound to the reaction mixture.
Measurement of enzyme activities. Cytochrome c oxidase activity was spectroscopically measured in 10 mM sodium phosphate buffer (pH 5.5) at 30 C using a reduced horse-heart cytochrome c as described previously. 37) One unit of activity was defined as the amount of enzyme that catalyzed the oxidation of 1 mol reduced cytochrome c per min. Ubiquinol dehydrogenase activity was also spectrophotometrically measured at 30 C by the increase of absorbance at 275 nm with a Shimadzu UV-1240 spectrophotometer, as described previously.
33) The reaction mixture contained 30 M Q 2 H 2 , 0.02% Tween 20, 50 mM MESNaOH (pH 5.5), 0.1 mg/ml bovine serum albumin, and 10 g of membrane protein in a total volume of 1.0 ml. The reaction was started by adding Q 2 H 2 to the reaction mixture. One unit of activity was defined as the amount of enzyme that catalyzed the oxidation of 1 mol of Q 2 H 2 per min. Sulfite:acceptor oxidoreductase activity and AMP-dependent sulfite:acceptor oxidoreductase activity were measured in 50 mM potassium phosphate buffer (pH 8.0) at 30 C as described by Vestal and Lundgren. 15) Thiosulfate:acceptor oxidoreductase activity was measured in 50 mM Bis-Tris buffer (pH 6.0) at
30
C as described by Silver and Lundgren. 14) Sulfide:ubiquinone oxidoreductase activity (SQR) was spectroscopically measured by the decrease of absorbance at 275 nm due to the reduction of Q 2 . The reaction mixture contained 50 mM Bis-Tris (pH 7.0), 20 mM glucose, 30 M Q 2 , and membranes. Anoxic conditions were established by flashing with N 2 and adding 1 unit of glucose oxidase ml À1 and 10 units of catalase ml À1 . The reaction was started by the addition of 100 M Na 2 S. One unit of activity was defined as the amount of enzyme that catalyzed the reduction of 1 mol of Q 2 per min. Sulfide:ferric ion oxidoreductase (SFORase) was measured as described previously. 22) All rates were corrected for the nonenzymatic reaction.
DNA manipulations. Genomic DNA (gDNA) from NASF-1 cells was prepared by phenol/chloroform/ isoamylalcohol after lysis by a solution containing 20 mM Tris-HCl (pH 8.0), 20 mM EDTA, and 0.4% sodium dodecyl sulfate. The DNA was used as a template for a PCR reaction to amplify the coxB, cydA, and sqr genes. Primers, PcoxBF (5 0 -TGGGCGCCTTT-CGTGGTGACCT-3 0 ) and PcoxBR (5 0 -GTGCCGCAC-TTCATTGGGGATCAC-3 0 ), used for a PCR to amplify the partial coxB gene, were constructed using the sequence previously reported for A. ferrooxidans ATCC 33020.
6) The sequences of oligonucleotide primers used for amplification of partial cydA and sqr genes were deduced from the open reading frames found in the available almost finished DNA genome sequence of A. ferrooxidans ATCC 23270 (http://www.tigr.org). The primers were: cydA forward (PcydF:
, and sqr reverse (PsqrR: 5 0 -CCTTGAAAGCCGGGATCATCA-3 0 ). KOD DNA polymerase (Toyobo, Osaka, Japan) was used to amplify the DNA. The PCR reaction was performed as follows: 2 min at 95 C followed by 30 cycles at 95 C for 30 s, 60 C for 30 s, and 68 C for 30 s, then 2 min at 72 C. After electrophoresis of PCRamplified DNA fragments, the DNA was purified with a GeneClean Kit (Q . BIOgene) and directly sequenced with a Thermo Sequenase Fluorescent Labeled Primer Cycle Sequencing Kit (Amersham Biosciences) and an automated sequence analyzer (Model DSQ-1000L; Shimadzu, Kyoto, Japan). The PCR product purified from a gel with a GeneClean Kit was labeled with digoxigenin (DIG) by using a DIG DNA Labeling and Detection Kit (Roche), and used as a probe for Southern blot hybridization experiments.
Southern blotting was performed with A. ferrooxidans NASF-1 total DNA digested with restriction enzymes. After electrophoresis on 0.7% agarose gel, the DNA was denatured and transferred to a positively charged nylon membrane (Zeta-Probe, Bio-Rad) using a Trans-Blot Cell system (Bio-Rad). Prehybridization and hybridizations with the DIG-labeled probes were performed under stringent conditions. Signals were detected with the colorimetric reactions using a DIG DNA labeling and Detection Kit (Roche).
Nucleotide sequence accession number. The accession numbers of the partial nucleotide sequences of the coxB, cydA, and sqr genes from A. ferrooxidans NASF-1 are AB181505, AB181506, and AB181507 respectively.
Total RNA isolation, reverse transcription, and realtime polymerase chain reaction. Cells were grown at 30 C with shaking in 1 liter of iron-and sulfur-medium for 4 d and 7 d respectively. Cells were harvested by centrifugation and resuspended in Tris-EDTA buffer (pH 8.0). Total RNA was immediately extracted using a Qiagen RNeasy kit (Qiagen) with a RNase-free DNase treatment. Total RNA was used as a template for cDNA production using gene-specific reverse primers, PcoxBR, PcydR, PsqrR, and PRR02M-1 (5 0 -ACGGTT ACCTTGTTACGACTT-3 0 ) for 16S rRNA, and M-MLV Reverse Transcriptase (Ambion). The PCR reaction was performed in a reaction mixture containing 1 l of 10 M gene-specific forward and reverse primers, 2 l of cDNA, and 2 l of QuantiTect SYBR Green PCR Master Mix (Qiagen) in a total volume of 20 l with a LightCycler (Roche). The forward and reverse primers used for amplification of the coxB, cydA, and sqr genes for a real-time RT-PCR analysis were as follows: PcoxBF and PcoxBR for coxB; PcydF and PcydR for cydA; PsqrF and PsqrR for sqr; and PRF04 (5 0 -GCAACGAGCGCAACCCTTATCCTT-3 0 ) and PRR02M-1 for 16S rRNA. After an initial denaturation step at 95 C for 15 min, temperature cycling was initiated. Each cycle consisted of denaturation at 95 C for 15 s, annealing at 62 C for 30 s, and extension at 72 C for 20 s. The fluorescence signal was acquired at the end of each extension step. A total of 55 cycles were performed. Total RNA without a reverse transcriptase was subjected to the same procedure as the negative control. Quantification of a real-time PCR analysis was based on the threshold cycle (C T ), which is inversely proportional to the logarithm of the initial copy number.
38) The quantity of each transcript was determined from the C T values and standard curves, which were plotted by serial dilutions of gDNA as the template, and normalized to a quantity of 16S rRNA.
Spectrum measurement. The spectra of membrane fractions were measured with a multi-purpose spectrophotometer model MPS-5000 (Shimadzu). Complete reduction of cytochromes was achieved by the addition of sodium hydrosulfide.
Protein analysis. Protein was determined using a DC Protein Assay kit (Bio-Rad, U.S.A), using crystalline bovine serum albumin as the standard.
Results and Discussion
Effects of inhibitors on oxygen consumption rates in iron-and sulfur-grown cells Since a ubiquinol oxidase was detected in A. ferrooxidans NASF-1, the effects of respiratory inhibitors on iron-or sulfur-dependent oxygen uptake were reexamined. The concentrations required for 50% inhibition of the purified ubiquinol oxidase activity with cyanide and azide were 8 mM and 3 mM respectively, whereas the concentration for 50% inhibition of the ubiquinol oxidase activity with HQNO was 4 M, 33) (Fig. 1 ). HQNO at a concentration of 50 M had a slight inhibitory effect on the iron-dependent activity, whereas about 65% of the sulfur-dependent activity was inhibited by 50 M HQNO (Fig. 1) . These results agreed with data from previous reports.
24-26)
The effects of inhibitors on oxygen consumption rates with iron or sulfur were measured with sulfur-grown cells. Compared with Fe-grown cells, very low irondependent activity (0.08 l O 2 /min/mg) was observed in S3-grown cells (Table 1) . This low activity was also strongly inhibited by cyanide and azide, but not by HQNO (Fig. 1) . Sulfur-dependent activity (0.42 l O 2 / min/mg) in S3-grown cells was also inhibited by HQNO, but was relatively resistant to cyanide and azide.
The results obtained in our study agree with those described in previous papers: sulfur-dependent oxygen consumption was inhibited by HQNO, and iron-oxidizing activity was repressed in sulfur-grown cells. These phenomena cannot be explained sufficiently by the mechanisms previously proposed by Sugio et al. or Harahuc and Suzuki, who suggested the involvement of cytochrome c oxidase in sulfite oxidation in iron-grown cells. 21, 23) Uncouplers, 2,4-dinitrophenol (DNP) and carbonylcyanide m-chlorophenylhydrazone (CCCP), have been used to estimate the localization of enzymes and the components involved in the oxidation of reduced sulfur compounds.
39) The effects of DNP and CCCP on iron-, sulfur-, and sulfite-dependent activity were analyzed. Approximately 35-40% of iron-dependent activity was inhibited by 50 M DNP and CCCP, whereas sulfurdependent activity was completely inhibited by 50 M DNP and CCCP. Approximately 30% of the sulfitedependent activity was inhibited by 50 M CCCP. These results indicate that a proton motive force was required to oxidize sulfur but was not required to oxidize ferrous ion or sulfite. As sulfite oxidation by A. ferrooxidans cells had an optimum pH of 4, 7, 23) sulfite externally added might be oxidized in the periplasm of NASF-1 cells. Approximately 65% of the sulfur-dependent oxygen consumption rate was inhibited by 50 M HQNO, whereas only approximately 20% of sulfite-dependent oxygen consumption was inhibited by HQNO (data not shown). These results suggest that HQNO sensitive segments in the sulfur oxidation pathway of NASF-1 cells are involved in the conversion of sulfur to sulfite.
Enzyme activities of iron-and sulfur-grown cells
Sulfur was oxidized via sulfite as an intermediate in A. ferrooxidans because of the detectable accumulation of sulfite during the oxidation of sulfur at pH values above 5.0. 25) Although the sulfur-oxidizing enzyme that converts sulfur to sulfite and thiosulfate and requires reduced glutathione for the reaction has been partially purified, 13, 14) this direct oxygenation of sulfur is thought not to be involved in the transfer of electrons via an electron transport chain. To obtain energy from sulfur oxidation, sulfite or thiosulfate oxidation must couple to the respiratory chain. As sulfite-dependent oxygen consumption was observed in both Fe-and S3-grown NASF-1 cells (Table 1) , sulfite is probably oxidized to sulfate in both cells. Iron-, sulfur-, sulfite-, thiosulfate-, and sulfide-dependent oxygen consumption rates and SFORase activity were measured with Fe-or S-grown cells to clarify the enzymes involved in sulfur oxidation. The activities of cytochrome c oxidase, ubiquinol dehydrogenase, and SQR were measured with membrane fractions prepared from Fe-or S-grown cells. The results are summarized in Table 1 . A high iron-dependent oxygen consumption rate was observed in Fe-grown cells. The rate of S3-grown cells decreased drastically. The level of the sulfur-dependent oxygen consumption rate of S1-grown cells was similar to that of Fe-grown cells, whereas sulfite-dependent oxygen consumption rates decreased in S1-and S3-grown cells (Table 1) . High cytochrome c oxidase activity was detected in the membrane fraction from Fe-grown cells, whereas the activity in the membrane fraction from S3-grown cells was very low. This result was consistent with spectrum data obtained with membrane fractions prepared from reduced membrane from Fe-grown cells had the peaks at 419, 523, 552, and 596 nm. Although peaks with the same wavelengths were detected in the spectrum of hydrosulfite-reduced membrane from S3-grown cells, the content of cytochrome a (596 nm) attributed to cytochrome c oxidase decreased in S3-grown cells. The contents of cytochrome c (552 nm) also decreased in S3-grown cells. Decreases in the content of cytochromes a and c in sulfur-grown cells were observed by Yarzábal et al. 31) Although thiosulfate-dependent activity decreased in S3-grown cells, we also failed to detect thiosulfate: acceptor oxidoreductase activity using ferricyanide, ubiquinone, or mammalian cytochrome c as electron acceptors in A. ferrooxidans NASF-1 cells grown in iron or sulfur medium. Brasseur et al. detected thiosulfate: ubiquinone oxidoreductase activity in the membrane of A. ferrooxidans ATCC 19859 cells. 32) On the other hand, the ubiquinol dehydrogenase in the membrane fraction from S3-grown cells was about 1.5-fold higher than that from Fe-grown cells. Interestingly, a higher sulfide-dependent oxygen consumption rate was observed in S1-grown cells than in Fe-grown cells, whereas similar levels of SFORase activities were detected in Fe-and S3-grown cells. Sulfide-dependent activity showed a tendency to increase in S3-grown cells. Although SFORase has been purified from A. ferrooxidans AP19-3, 18) sulfide:quinone oxidoreductase (SQR) and sulfide:cytochrome c oxidoreductase are also known to be involved in the sulfide oxidation of sulfur-oxidizing bacteria. 40) SQR activity was detected in the membrane fraction of NASF-1 cells using a ubiquinone as the electron acceptor. When horse-heart cytochrome c was used as an electron acceptor, no reduction was observed. SQR activity was about 18-fold higher in membrane from S3-grown cells than in membrane from Fe-grown cells (Table 1) .
Sulfur can be converted to sulfide in a glutathioneindependent manner with sulfur oxygenase/reductase purified from thermoacidophilic archaeon Desulfurolobus ambivalens. 41) Activity was not detected in cell-free extracts of NASF-1 cells. It has been found that sulfur can be converted chemically to hydrogen sulfide in the presence of reduced glutathione, that higher hydrogen sulfide contents occur in A. ferrooxidans cells than in other bacteria, 42) and that a glutathione reductase having an pH optimum at 6.5 occurs in the soluble fraction of A. ferrooxidans. 43) A hydrogen sulfide-binding protein, which reversibly bound hydrogen sulfide, has been purified from the membrane fraction of A. ferrooxidans AP19-3. 44) Banco and Ingledew also found that A. ferrooxidans released a small amount of hydrogen sulfide during aerobic and anaerobic incubation with elemental sulfur, suggesting that the activation step in sulfur oxidation might involve an initial reductive step of elemental sulfur. 45) Although the enzymatic mechanism for the production of hydrogen sulfide under aerobic conditions is still unclear, hydrogen sulfide does occur in A. ferrooxidans cells. The occurrence of hydrogen sulfide in A. ferrooxidans cells suggests that sulfur might be reduced to hydrogen sulfide during the incorporation of sulfur into cells by the mechanism as suggested by Banco and Ingledew. 45) The sulfur-dependent oxygen consumption rate in NASF-1 cells was not significantly altered by successive culturing in sulfur medium, whereas the iron-dependent oxygen consumption rate and cytochrome c oxidase activity were drastically decreased in S3-grown cells (Table 1) . These results suggest that the bulk of sulfurdependent oxygen consumption in S3-grown cells was not due to SFORase activity or a free-radical mechanism. The relatively high sulfide-dependent oxygen consumption rate and SQR activity observed in S3-grown cells suggest that a portion of sulfur was oxidized by the SQR via hydrogen sulfide as an intermediate in S3-grown cells ( Table 1) .
Effects of inhibitors on sulfide oxidation in membrane
Ubiquinol oxidase has been purified from the membrane fraction prepared from NASF-1 cells grown in iron medium. 33) Since SQR activity was also detected in the membrane fraction of this bacterium, a sulfidedependent oxygen consumption by membrane from S3-grown cells was examined in the presence of ubiquinone. Oxygen consumption was observed in a ubiquinone-dependent manner. The effects of inhibitors on the activity were measured and are summarized in Table 2 . Activity was inhibited by HQNO, but not strongly by myxothiazol, antimycin A, cyanide, or azide. Oxygen consumption in the presence of sulfide and ubiquinone by the membrane fraction of S3-grown cells clearly indicated that sulfide oxidation could couple with ubiquinol-oxidizing activity, because the activity was inhibited by HQNO but not by cyanide or azide. Although antimycin A and myxothiazol slightly inhibited the activity (Table 2) , ubiquinol oxidase purified Activities were measured by the amount of oxygen consumption in a reaction mixture containing 10 mM Bis-Tris (pH 6.0), 30 M Q 2 , 330 M Na 2 S, and 50 g membrane fraction. Activity without inhibitor was 40.4 l O 2 /min/mg. from NASF-1 cells was inhibited by antimycin A and myxothiazol by unknown mechanisms. 33) Therefore, it was suggested that a bc 1 complex was not involved in the quinone-dependent sulfide-oxidizing system in the membrane of NASF-1 cells. It appears that the inhibitory effects of cyanide, azide, and HQNO on sulfurdependent oxygen consumption in NASF-1 cells can be explained simply by the system, in which electrons from sulfide oxidation mediated by the SQR are transferred to oxygen through ubiquinol oxidase, but not via a bc 1 complex or a cytochrome c oxidase (Fig. 6) .
Brasseur et al. have proposed a similar electron transport chain involving a bd-type ubiquinol oxidase and functioning in thiosulfate and/or sulfide oxidation in A. ferrooxidans ATCC 19859. 34) Although thiosulfatedependent oxygen consumption decreased in S3-grown cells and thiosulfate:ubiquinone oxidoreductase activity was not detected in NASF-1 cells, it is possible that a portion of the electrons from sulfur oxidation are transferred to O 2 through an SQR and a bd-type ubiquinol oxidase in A. ferrooxidans. Rohwerder and Sand proposed a biochemical model for sulfur oxidation in Acidithiobacillus and Acidiphilium. 46) In their model, extracellular elemental sulfur was mobilized as persulfide sulfane and cytochrome c oxidase was proposed to be the terminal oxidase. We cannot clearly explain using this model why sulfur oxidation is not inhibited by cyanide and azide, or why cytochrome c oxidase activity decreases in sulfur-grown cells. One cytochrome c specifically induced in sulfur-grown cells 31) and a ba 3 -type cytochrome oxidase predicted by Brasseur et al. 34) might be involved in the sulfur-oxidizing system proposed by Rohwerder and Sand. 46) Quantitative analysis of transcriptions of cox, cyd, and sqr genes Ubiquinol oxidase purified from NASF-1 cells was suggested to be a bd-type ubiquinol oxidase by Kamimura et al. 33) One homologous gene to cydAB encoding a bd-type ubiquinol oxidase of E. coli has been detected in the TIGR pre-released genomic data of A. ferrooxidans ATCC 23270 (by Brasseur et al. and in this study). 34) An open reading frame encoding a protein with a high sequence similarity to SQR of the hyperthermophilic bacterium Aquifex aeolicus or the cyanobacterium Aphanothece halophytica has also been detected in the genome of A. ferrooxidans ATCC 23270. 47, 48) Our data bank search also indicated the occurrence of an sqr gene (accession no. AY112701) in Thiobacillus denitrificans. Transcriptional analysis of the cox gene encoding the cytochrome c oxidase has been reported previously, 6) and indicated that cox was transcribed not only in Fe-grown cells, but also in S1-grown cells. Transcription of the cyd gene (cydB) has also been detected in A. ferrooxidans ATCC 19859. 34) Since the decrease in cytochrome c oxidase activity and the increases in ubiquinol dehydrogenase and SQR activities were detected in S3-grown cells, three genes, coxB, cydA, and sqr, were selected to examine the transcriptions in Fe-and S3-grown cells. The primers used for PCR and real-time RT-PCR were designed from the A. ferrooxidans ATCC 23270 gDNA sequence obtained from TIGR and the cox operon sequenced in A. ferrooxidans ATCC 33020. 6) Partial coxB, cydA, and sqr genes having the expected lengths were amplified (Fig. 2) , and the nucleotide sequences showed the amplifications of target genes (accession nos. AB181505, AB181506, and AB181507 respectively). These PCR products were labeled with DIG and employed in southern hybridization to investigate the copy numbers of these genes on the chromosome of NASF-1 cells. A single signal band was detected when the gDNA fragments digested with a variety of restriction enzymes were hybridized with each DIGlabeled PCR product (Fig. 3) , suggesting that each gene exists as a single copy on the chromosome. Therefore, the transcriptions of these genes were investigated by RT-PCR analysis using the primers. The expected lengths of PCR products were detected with cDNA prepared from the total RNA from Fe-and S3-grown cells, as well as PCR products with gDNA (Fig. 4) , indicating that the cydA and sqr genes were actually transcribed in NASF-1 cells. The transcriptional levels of coxB, cydA, and sqr genes in Fe-and S3-grown cells were measured by real-time RT-PCR analysis and normalized to a quantity of 16S rRNA. Similar levels of coxB or cydA transcripts were detected in both Fe-and S3-grown cells, whereas the transcriptional level of sqr in S3-grown cells was 3-fold higher than that in Fe-grown cells (Fig. 5) .
Our RT-PCR analysis indicated that the putative sqr and cydA genes were transcribed in both Fe-and S3-grown NASF-1 cells (Fig. 4) . Although the higher levels of cydA and sqr transcription and the lower level of coxB transcription were expected in S3-grown cells, RT-PCR analysis indicated that the relative values of coxB mRNA/16S rRNA and cydA mRNA/16S rRNA are similar in Fe-and S3-grown cells. The lower transcriptional level of the cox gene was recently reported in sulfur-grown A. ferrooxidans ATCC 33020 using realtime RT-PCR analysis. 49) The results obtained in our real-time RT-PCR analysis disagreed with the results obtained in the analysis of enzyme activities of NASF-1 cells. Although we cannot clearly explain the difference between the enzyme activities detected and the levels of mRNA transcribed in Fe-and S3-grown cells, a posttranslational modification may be needed to make up mature enzymes. In the case of cydA, since we measured ubiquinol oxidase activity as ubiquinol dehydrogenase activity, ubiquinol:cytochrome c oxidoreductase involving a newly detected bc 1 -complex 32) or a predicted botype ubiquinol oxidase 34) may be activated in S3-grown cells. On the other hand, the result of our real-time RT-PCR analysis for the sqr gene indicated that the level of transcription in S3-grown cells was higher than that in Fe-grown cells (Fig. 5) . But, the 3-fold elevated transcription in S3-grown cells was relatively low compared with the approximately 18-fold stimulation of its activity in S3-grown cells. Since this difference between the level of sqr transcription and SQR activity might also arise from a post-translational modification or a requirement of some cofactors, we must investigate the enzymatic properties of SQR to explain the difference.
Conclusion
In contrast to A. ferrooxidans ATCC 19859, thiosulfate-oxidizing activity decreased in S3-grown NASF-1 cells. Thiosulfate:ubiquinone oxidoreductase was not detected in NASF-l cells, suggesting that sulfur metabolism in NASF-1 is different from that in ATCC 19859. However, as proposed by Brasseur et al., 34) it is possible that a portion of sulfur-dependent oxygen consumption occurred through an SQR and a ubiquinol oxidase, probably a bd-type oxidase, in A. ferrooxidans NASF-1 cells. Since the production of hydrogen sulfide is essential for the sulfur oxidation pathway proposed in this study (Fig. 6) , further investigation of the enzymatic basis of hydrogen sulfide production under aerobic conditions remains to elucidate the detailed mechanism of sulfur oxidation in NASF-1 cells. Enzymatical and molecular biological analyses of SQR are now in progress to clarify the contribution of the enzyme to sulfur oxidation in A. ferrooxidans NASF-1 cells.
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